Introduction
Dengue fever is the most prevalent mosquito-borne viral disease in people and is most common in tropical Asia, Latin America and the Caribbean. It is caused by four dengue virus serotypes (DEN-1, DEN-2, DEN-3, and DEN-4) of the genus Flavivirus, and transmitted by Aedes aegypti mosquitoes. Infection provides life-long immunity against the infecting viral serotype, but not against the other serotypes [1] .
Infection with dengue viruses is associated with symptoms with a wide range of clinical severity, from mild febrile illness, such as dengue fever to severe dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) [2] [3] [4] . The typical biphasic fever, headache, body pain, and rash characterize clinical manifestations of dengue fever. In some cases, however, patients develop the life-threatening syndrome DHF/DSS, which is characterized by abnormalities of hemostasis and vascular permeability [4] . The risk of severe disease is several times higher in sequential than in primary dengue virus infections [5] . The mechanisms involved in the pathogenesis of DHF/DSS remain unclear [6, 7] . The clinical features of DHF/DSS include plasma leakage, bleeding tendency, and liver involvement [8] . Thrombocytopenia, which is common in dengue fever and is a constant finding in DHF/DSS, may be related to the bleeding tendency [3, 4, 8, 9] .
The pathogenesis of bleeding in DHF is poorly understood. Thrombocytopenia may enhance the risk, but the primary cause of bleeding is unknown. Limited data suggest that activation of coagulation and fibrinolysis play a role in the pathogenesis of DHF [10, 11] . Defects in coagulation and fibrinolysis are believed to be related to disseminated intravascular coagulation, a feature seen only in the severest form of dengue infection, which is generally thought not to be central to the pathogenesis of DHF and DSS [11, 12] . However, the defective vascular function resulting in increased permeability seen in DHF of any severity can also lead to changes in other properties of the endothelium. The normal endothelium presents an anticoagulant phenotype that inhibits thrombus formation and therefore contributes to the maintenance of vascular patency. On stimulation by cytokines and microorganisms, the endothelium can lose its nonthrombogenic protective properties by expressing tissue factor, plasminogen activator inhibitor 1, and von Willebrand factor [13] . These responses act with platelets, plasma coagulation, and fibrinolytic and inhibitory factors in a highly integrated way to maintain normal hemostasis. However, if responses are excessive, intravascular thrombosis, bleeding, or both can follow. In-vitro studies have suggested that dengue virus and antibodies from patients infected with the virus can directly influence the fibrinolytic pathway [14] [15] [16] [17] .
Five dengue patients from the Municipal Blood Bank of Caracas were referred to us since the thrombin time of their blood plasma was found to be prolonged, and behaved as a 'transient acquired dysfibrinogenemia'. We have performed some biochemical and fibrin structural studies on these plasma samples and purified fibrinogen from the patient with the most prolonged thrombin time.
Material and methods
All chemicals used were of analytical grade. Agarose type II (MEEO) and bovine thrombin were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA). Human thrombin, r-tPA and IMUCLONE D-Dimer ELISA were from American Diagnostica Inc. (Stamford, Connecticut, USA). Human antialbumin was from Dako Corporation (Carpinteria, California, USA).
Patients
Plasma from five patients with dengue virus infection was sent to our laboratory from the Municipal Blood Bank as they had prolonged thrombin times and behaved as plasma from patients with a transient acquired dysfibrinogenemia. We measured the thrombin time from thawed frozen plasma and determined plasma fibrinogen, D-dimer and albumin concentrations. The patients were labelled in ascending order according to the prolonged thrombin time. The laboratory of Virology at IVIC determined the virus serotype directly from plasma samples, using the RT-PCR procedure described by Lanciotti et al. [18] . Case four was DEN-1 and case two was DEN-3, whereas for the rest of the cases the serotype could not be determined.
Thrombin time, fibrinogen, albumin and D-dimer determinations A pooled plasma was performed from 20 apparently healthy donors. Thrombin time was adjusted between 18-22 s. Fibrinogen concentration was measured using the gravimetric method of Ingram [19] . The albumin was quantified by immunoelectrophoresis, using the method described by Laurell [20] . The fibrin degradation products were measured by ELISA, using the manufacturer's protocol.
Evaluation of plasma fibrinogen integrity by sodium dodecyl sulfate/polyacrylamide gel electrophoresis
The fibrinogen integrity was evaluated by fibrin monomer formation, using the following protocol: 150 ml of plasma was mixed with an equal volume of 0.05 mol/l EDTA-Na pH 7.4 and 5 U/ml of bovine thrombin (final concentration); the reaction was left for 2 h at 378C. Then, the clots were removed and extensively washed. The fibrin monomer chains were evaluated in a 6% gel, SDS-PAGE Tricine-system [21] .
Fibrinogen purification
As case five had a more prolonged thrombin time and the worse fibrin polymerization process, we chose this patient in order to see if its fibrinogen molecules were altered, impairing the normal fibrin polymerization and fibrinolysis process. Fibrinogen was purified from plasma using the method of Kazal et al. [22] . The coagulability of the purified protein was 100%, both for controls and patients.
Polymerization and internal fibrinolysis

From plasma
Fibrin polymerization and internal fibrin lysis were studied from plasma samples as described elsewhere [23] . Briefly, 100 ml of plasma was diluted 1 : 10 with Trisbuffered saline (TBS) (50 mmol/l Tris, 0.15 mol/l NaCl, pH 7.4) and clotted by adding 0.6 units/ml bovine thrombin and 20 mmol/l CaCl 2 (final concentrations). The lag time, slope and maximum turbidity were calculated.
For fibrin lysis experiments, 0.05 mg/ml of r-tPA was added to the 1 : 10 diluted plasma before mixing with the thrombin-calcium solution (same concentrations as for polymerization). The following parameters were calculated: total lysis time (TLT): the time needed for complete clot dissolution, in seconds; the rate of fibrin lysis (V): the decrease of the OD per unit of time (seconds) in the linear part of the descending limb of the curve, just after the plateau; t 1/2 : the time needed to reduce the maximum turbidity of the clot to the halfmaximal value, in seconds; and if/ip: the ratio between the maximum turbidity value obtained from fibrinolysis and the maximum turbidity value obtained from polymerization, expressed in percentage. As we are not measuring the concentrations of any fibrinolytic enzyme neither of any fibrinolytic inhibitors (i.e PAI-1, TAFI), we have defined this parameter in order to have an approximation of the balance between these components. In our system, the quantity of extra t-PA added to control corresponded to the amount needed to trigger fibrinolysis close to the maximum turbidity value obtained in polymerization experiments.
Each sample was analyzed in triplicate. The polymerization and fibrin lysis parameters were calculated individually from each curve and then averaged. The changes in absorbance were followed at 350 nm using a Genesys 2 spectrophotometer (Spectronic Instruments, Rochester, New York, USA).
From purified fibrinogen
In order to investigate if the fibrinogen molecules purified from the patient who had the most prolonged thrombin time were different from normal, control and patient purified fibrinogen was mixed 2.5 : 1 g/g, respectively. The clotting conditions were the same for unmixed and mixed samples: 0.2 mg/ml of fibrinogen was clotted with 0.2 units/ml of thrombin in the presence of 1 mmol/l CaCl 2 , and for fibrinolysis the same clotting conditions as for polymerization were used but 1 mg/ml of plasminogen and 0.05 mg/ml of t-PA were mixed with the fibrinogen solution before adding calcium and thrombin.
Scanning electron microscopy
One hundred microlitres of plasma was clotted with human thrombin-CaCl 2 solution (1 unit/ml and 20 mmol/l, respectively), transferred immediately inside pre-etched plastic tubes and left for 2 h in a humid chamber at room temperature. Then, the clots were washed with TBS and processed for scanning electron microscopy, essentially as described elsewhere [24] . Triplicates of each experiment were done. Commonly 10 digital images, at both 2000Â and 10 000Â, were collected using a Philips XL20 scanning electron microscope (FEI, Hillsboro, Oregon, USA). The 2000Â images were used for analyzing the general clot structure and the 10 000Â images were used for fine structure details, and fibrin fiber thickness measurements, using the public domain National Institutes of Health ImageJ program, 1.36b version. Three hundred fibers were measured for each patient, except for case one (280 fibers).
Statistical analysis
The data were analyzed first comparing the variances by applying an F-test. Then if the variances were similar, the t-test for similar variance was applied, otherwise, the Welch approximation was used. A probability (P) less than 0.05 was considered statistically significant. Regression analyses between thrombin time and D-dimer were performed.
Results
Thrombin time, fibrinogen, albumin and D-dimer determination The patients with dengue virus infection had prolonged thrombin times of different degree ( Table 1 ). The patients' fibrinogen concentration was within the normal range. In general, the patients had elevated fibrin degradation products (D-dimer), especially cases 2, 3 and 5. Only in cases 1 and 4 were the D-dimer concentrations normal. No correlation was found between the D-dimer concentration and thrombin time. The albumin concentration was quite similar to that of control values only in cases 4 and 5; from case 1 to 3, the values were higher than those of the control, but can be considered within the normal range. The a, b and g chains from the patients' samples were intact, indicating that there was no fibrinogenolysis ( Fig. 1) . Fibrinogen concentration was determined by the gravimetric method, albumin was quantified by immunoelectrophoresis and fibrin polymerization and lysis process was measured by turbidity at 350 nm. The mean average of fibrin fibers thickness was calculated from digitized scanning electron microscopy pictures using ImageJ 1.36b software. ND, not done; i, turbidity; i f /i p , ratio between maximum turbidity of fibrinolysis and polymerisation; t1/ 2 , time to reach 50% of clot degradation; TLT, total lysis time; V, lysis rate. M Statistically significant. Electrophoresis of the fibrinogen on a 6% gel, SDS/PAGE Tricinesystem, under reducing conditions. The gel was loaded with 14 mg of non cross-linked fibrin from each sample, prepared as described in the Materials and Methods section. In the control gel lane, the fibrin a, b, and g chains are indicated on the left-side.
Fibrin polymerization and internal fibrinolysis
From plasma
On the basis of the relationship between the maximum turbidity and the plasma fibrinogen concentration from data collected from normal plasma fibrin polymerization of apparently healthy individuals (not shown) and the present control, we consider that only cases 4 and 5 had lower maximum turbidity compared with the expected values ( Table 1 ). The pattern of internal fibrinolysis of the patients was similar to that of the control (Table 1) ; only the if/ip, the ratio between the maximum turbidity value obtained from fibrinolysis and the maximum turbidity value obtained from polymerization, expressed as a percentage (defined in the Materials and Methods section) was diminished, especially in cases 1, 3 and 5. The polymerization and fibrinolysis curves plotted together for each sample show this parameter as a function of time (Fig. 2) . Only the control clots start to dissolve after the maximum turbidity was reached, whereas the patient samples start dissolution earlier. Another feature is that, in general, the lag time of the patient fibrinolysis curves was shortened compared with that of polymerization, except for case 5, where no change was observed.
From purified fibrinogen
Mixing the normal purified fibrinogen with case 5 purified fibrinogen impaired severely both the polymerization and fibrinolytic process. The lag time was four times longer, the rate of fibrin formation 10 times slower and the final turbidity 3.5 times lower (Fig. 3a) . Also, the control fibrinolytic process worsened substantially in the presence of approximately 30% of case 5 fibrinogen molecules. The rate of lysis decreased approximately three-fold (as mentioned in the Materials and Methods section, the rate of lysis was calculated from the linear part of the descending limb of the curve, just after the plateau) ( Fig. 3b ).
Scanning electron microscopy
Electron microscopy revealed distinctive differences in clots from some patients (Fig. 4) . The fibrin networks from cases 1 and 2 had larger pores and thicker fibers compared with control clots and those of the rest of the patients; the frequency distribution of the fibrin fiber thicknesses corroborated these observations ( Table 2 ). The patients' fibrin fiber thickness distributions were statistically different from those of the control, with a higher mean of fiber diameter ( Table 1 , P < 0.01).
Furthermore, the patients' clot scanning electron microscopy images showed some distinctive features: many free fiber ends and, in some areas, chunks of fibrin associated with fibrin fibers (Fig. 5, panel b , top-right arrow), an increase in fiber lateral association, fibers with spaced 'buds' along them (Fig. 5, panel b , bottom-right arrow), and very thin fibers intertwined with thicker fibers (Fig. 5, panel c, top-right arrow) .
These are all characteristics of the early stages of fibrinolysis, indicating that a very low quantity of plasmin had formed during the 2-h incubation. The incipient beginning of fibrin reorganization before clot dissolution is characterized by free fiber ends and chunks of fibers arising from lateral transection of fibers, an increase in fibrin thickness from lateral association of cut fibers, a rough surface of fibers that corresponds to boundplasmin(ogen), tPA and fibrin degradation products, and loosely associated thin fibers from the dissociation that occurs as protofibrils are cleaved. These results were in good accord with the i f /i p ratio, calculated from internal fibrinolysis experiments, as lysis began before the clot was fully formed (Table 1 ).
Discussion
For the first time, clots from individuals infected by the dengue virus were studied by scanning electron microscopy and some studies were performed with the purified fibrinogen. One of the limitations of the present work is that we have studied only five patients, and we are aware that for future studies it would be necessary to increase the number of patients for more conclusive results, although the techniques used in the present work are difficult to perform on a large scale. These patients were sent to us due to the fact that they behaved like a transitory acquired dysfibrinogenemia and there were no other causes that could explain the prolonged thrombin time. We thought that this lengthening might be related to the presence of high D-dimer levels in most of the patients, as they could interact with fibrin oligomers, truncating the progression of oligomer growth [25, 26] . However, we have not found a correlation between the degree of thrombin time prolongation and the D-dimer concentration. Other authors have reported that the prolonged thrombin time, increased D-dimer, and decreased fibrinogen concentration in different degrees appear to be related to the severity of the disease in dengue fever and DHF (for a review see Mairuhu et al. [13] ). It seems that in DHF the activated partial thromboplastin and thrombin time are more frequently abnormal than the prothrombin time [27, 28] . Recently, a study performed with 42 children, 20 with dengue fever and 22 with DHF, found that the concentration of plasma vWF:Ag seemed to be the best indicator of the progression to DHF [29] ; we have not measured vWF in the present patients.
Some of the differences observed among the patient clot properties may arise because we do not know at what day of virus infection the plasma samples were obtained, that is, febrile, acute or convalescent stage. In spite the fact that case 1 had normal D-dimer levels, the if/ip ratio was among the lowest (66%). The scanning electron microscopy images corroborated the interpretation that lower if/ip values indicate earlier onset of fibrin lysis, since cases 1, 2 and 5 were the most lyzed. It is likely that in these patients the ratio of t-PA/PAI-1 was higher as compared with cases 3 and 4. Such a reversed relationship between t-PA and PAI-1 has been reported by several authors during the acute stage of virus infection, giving rise to a hyperfibrinolytic state [13, 30, 31] .
Several mechanisms have being proposed that could partially explain the bleeding in DHF. In addition to a decreased platelet count, prolonged activated partial thromboplastin time, increased t-PA levels, etc., it has been found that TAFI antigen and activity levels were decreased [17] . Also, in vitro the dengue virus, specifically the glycoprotein envelope, can bind plasminogen directly and activate it to plasmin [32, 33] . However, no fibrinogen degradation products were found in the plasma of the patients. When polymerization curves were compared with fibrinolysis curves (Fig. 2 ) almost all the patients (except case 5) had an enhancement of the rate of clotting, with curves resembling those of previous work where it was demonstrated that plasminogen molecules bridge the D-regions of different fibrin monomers, accelerating fibrin lateral aggregation [34, 35] . We have not Images of clot architecture visualized by scanning electron microscopy. The clot was formed from plasma and extensively washed for scanning electron microscopy preparation. Magnification bar is 10 mm. (a) Control, (b-e) Case 1, 2, 4 and 5, respectively. measured plasminogen concentration, but in other reports it has been described that the plasmin-a2-antiplasmin complex was increased in DHF [31] . However, the patients' fibrinolysis curves were not easy to interpret as there is no simple explanation why the patients' total lysis times were similar to those of the control, in spite of an earlier fibrinolysis onset.
Fibrin polymerization can be considered a measure of fibrinogen functionality, and the kinetics of fibrin formation by turbidity gives some indirect information about fibrin network building and fiber thicknesses. From comparison of the turbidity curves of these patients and controls, only cases 4 and 5 had clots composed of thinner fibers. Purified fibrinogen from case 5 behaved like an abnormal fibrinogen, since when it was mixed with normal fibrinogen there was impaired polymerization and fibrinolysis. This abnormal behavior of purified dengue fibrinogen could contribute to a bleeding disorder, affecting the quality of the hemostatic plug (including the interaction between the platelets).
Scanning electron microscopy results were not consistent with the final turbidity of polymerization. Conversely, patients' fibrin network had fibers thicker than those of the control. We attribute this discrepancy to the fact that the patients' clots were slightly digested during the 2 h clot incubation. As we have added only thrombin to the plasma samples and left them in a humid chamber for clot maturation, it seems that during this time small amounts of plasmin have been formed, reflecting an imbalance of the fibrinolytic system in the patients' plasma or a hyperfibrinolytic state. The structural changes of the normal fibrin network during fibrin lysis have been studied by scanning electron microscopy [36, 37] , and the images of the present dengue patients' clots correspond to an early stage of fibrin lysis onset, more precisely stage 2 [36] .
In conclusion, during dengue virus infection the fibrinogen molecules can be modified so that when they are activated by thrombin, they form a meshwork of fibers thinner than normal fibrinogen. We think that probably the fibrinogen has more sialic acid residues, repelling each other and impeding the incorporation of more protofibrils into the fibers. Furthermore, we have confirmed by scanning electron microscopy and internal fibrinolysis that during dengue virus infection there is a hyperfibrinolytic state, where clots are more prone to be lyzed. 
